Using a matter wave lens and a long time-of-flight, we cool an ensemble of 87 Rb atoms in two dimensions to an effective temperature of less than 50 +50 −30 pK. A short pulse of red-detuned light generates an optical dipole force that collimates the ensemble. We also report a three-dimensional magnetic lens that substantially reduces the chemical potential of evaporatively cooled ensembles with high atom number. These cooling techniques yield bright, collimated sources for precision atom interferometry. By observing such low temperatures, we set limits on proposed modifications to quantum mechanics. In previous work, lensing has yielded effective temperatures as low as ∼1 nK [9, 24] .
The development of techniques to produce colder atomic ensembles has driven numerous advances in atomic physics, including enhanced capabilities in precision measurement [1] [2] [3] , quantum information [4] , and quantum simulation [5] . A longstanding goal has been to demonstrate efficient cooling protocols to reach effective temperatures of tens of pK, enabling ultra-precise atomic sensors with applications including geodesy [6] , tests of general relativity [7] [8] [9] , gravitational wave detection [6, 10] , and tests of quantum mechanics [11] .
Evaporative cooling in an adiabatically relaxed trap offers one route to extremely low temperatures [12] . A powerful alternative cooling method [13] , often called deltakick cooling, is to freely expand an atom cloud and then reduce its velocity spread with a collimating lens [14] [15] [16] [17] [18] [19] [20] [21] . Compared to evaporation, lensing typically requires less time and avoids intrinsic atom loss. The lens is implemented by a transient harmonic potential, realized magnetically [16, 22] , electrostatically [23] , or optically [14] . In previous work, lensing has yielded effective temperatures as low as ∼1 nK [9, 24] .
The potential cooling performance of such a lens depends on the available expansion time. Consider an initial atom ensemble (condensate or thermal state) with RMS size ∆x o and velocity spread ∆v o , allowed to expand for a time t o before application of the lens potential. The temperature ratio is η ≡ (∆v /∆v o ) 2 , where ∆v is the RMS velocity after the lens is applied. For an ideal harmonic potential that has been tuned to minimize ∆v (the collimation condition), the expected temperature ratio is bounded by η c = (∆x o /∆x ) 2 ≡ γ 2 , where ∆x is the RMS size of the ensemble when the lens is applied and γ is the size ratio [14] . Correlations between position and velocity in the initial ensemble (e.g, arising from mean field interactions during expansion) can lead to temperatures that are lower than this bound [25] . Generally, to achieve low temperatures it is beneficial to have a long expansion time so that ∆x ≈ ∆v o t o ∆x o .
In this work, we use a long expansion time t o > 1 s in a 10 m vacuum tube to demonstrate long-time delta-kick cooling, continuously manipulating the RMS velocity of ensembles of 87 Rb atoms through a minimum value of < 70 µm/s. This corresponds to 50 pK effective temperatures at collimation (we define the effective temperature T by
2 , where m is the atom mass [26] ). The dipole lensing potential [14, 26] is generated from the transverse intensity profile of a vertically-propagating Gaussian beam, providing cooling in two dimensions. As a pre-cooling stage, we implement three-dimensional lens cooling using a magnetic potential.
An ideal harmonic lens (frequency ω) exerts a force F H = −mω 2 x, where x is the transverse position. For the dipole potential lens, the lens duration δt is short (thin-lens limit, ωδt 1), so we may approximate its effect as an impulse that changes the atom's velocity by δv(x) = −ω 2 δt x. The lens focal time is defined as 1/f ≡ ω 2 δt so that a point source of atoms expanding for time f would be perfectly collimated.
At pK temperatures, the time necessary for the ensemble size to noticeably increase can be very long (> 10 s), making time-of-flight expansion an ineffective probe of temperature. To circumvent this, we extend the duration of the dipole-potential lens interaction beyond the collimation condition to refocus the ensemble. As in optics, the minimum achievable image size after refocusing is a measure of the degree of collimation. Thus, we can infer the collimated temperature of the atom ensemble from the refocused cloud size [27] .
To formalize this relationship, we solve the quantum Liouville equation for the evolution of an arbitrary initial state during the lensing sequence. In the delta-kick limit (ωδt 1) this reduces to solving the classical Liouville equation [28] [29] [30] . To account for aberration in the lens, we assume a general F (x) for the lens force. Calculating the expectation values of the velocity width of the distribution after the lens and the position width at detection, we find that the minimum refocused size (∆x i ) min sets a bound on the minimum velocity spread ∆v achievable at collimation. By this metric, the minimum velocity variance for the lens (including aberrations) can be inferred by:
where t i is the time between the lens and detection ('image time'), and δA arises from lens aberrations present during refocusing. For a wide class of aberrations (including those encountered in this work), δA is positive, so (∆v ) 2 bound provides an upper bound on the collimated temperature [31] .
The cooling performance demonstrated here depends critically on an optics configuration that minimizes aberration by reducing spatial intensity perturbations on the dipole-lensing beam. The beam is spatially filtered by propagation through an optical fiber and collimated to a 1/e 2 radial waist of σ = 3.4 mm. Intensity perturbations with spatial frequency κ lead to forces ∝ κ, so high spatial frequency perturbations (κσ > 1) are particularly detrimental [28] . For example, a 1% perturbation with κ ∼ (100 µm) −1 can result in a spurious force comparable in magnitude to the lensing force, substantially heating the cloud. To avoid this, the beam propagates for 16 m or more from the collimation lens (retroreflected after 10.6 m) before interacting with the atoms [ Fig. 1(b) ], allowing high spatial frequencies to diffract from the beam (Fig. 2) . With δt = 30 ms and t o = 1.1 s, the lens sub- stantially refocuses the atoms at a time t i = 1.8 s later [ Fig. 1(d) ].
The atom source is a cloud of 10 5 87 Rb atoms with initial RMS size ∆x o = 56 µm [32] and an effective temperature of 1.6 ± 0.1 nK [ Fig. 1(c) ]. To prepare this ultracold source, we evaporate in a time-orbiting potential (TOP) trap [ Fig. 1(a) ]. The atoms are further cooled with a magnetic lens (details follow) and prepared in a magnetically-insensitive state. We then launch them upwards into a 10 m vacuum tube with a chirped optical lattice [2, 33] . After 2.8 s [34] , the atoms fall back down, and we image them with a vertical fluorescence beam onto two CCD cameras (looking from North and West).
To evaluate the performance of the optical lens, we vary the lens duration and measure the width of the lensed cloud. As the lens acts only transversely, we bin the corresponding images in the vertical dimension and analyze in 1D. Extracting cloud widths requires accounting for the point spread function (PSF) of the imaging system. We fit all imaged clouds to a Gaussian profile convolved with a smooth representation of the PSF [28] .
To characterize the PSF, we fit a cloud with a known, small size; this fixes the PSF parameters for subsequent analysis. We use a cloud imaged after a short drift time (100 ms; the time needed to reach the fluorescence imaging region) as the small source [ Fig. 3(b) ]. To directly measure this cloud's size, we image it with a lowaberration imaging system [35] . The measured width of 90 ± 10 µm is consistent with an extrapolation from the known cloud parameters at the end of the TOP sequence. Figure 3(a) shows the fitted transverse cloud size ∆x i versus lens duration δt for the two camera axes, demonstrating the continuous variation of the atom cloud through collimation and refocus. For this data, the lens is applied t i = 1.8 s before detection. We fit the data with the predicted cloud size [28] ,
where ∆F 2 is a fitting parameter characterizing the variance of the lensing force (including any aberrations), and δt min is the lens duration to refocus the cloud. The point at δt = 35 ms is nearest to the fitted refocusing time and sets the best bound on the achievable collimation temperature T . From Eq. 1, we find that (∆v ) bound ≡ (∆x i ) min /t i = 65 ± 20 µm/s for the North axis and 70 ± 25 µm/s for the West axis. These bound the effective temperature at collimation to below T bound ≡ m(∆v ) 
+15
−10 pK for the North and West axes, respectively [28] . The temperature uncertainties result primarily from the standard deviation of the measured cloud sizes, likely caused by shot-to-shot fluctuations in the strength of the lens (e.g., due to fluctuations in optical power or alignment). Uncertainties in the measured PSF do not contribute significantly.
Next, we measure the refocused cloud size (∆x i ) min and corresponding lens duration δt min for various lens application times t o , with the total atom drift time held constant (Fig. 4) . Each point is the result of a fit of Eq. 2 to a scan of the lens duration [like Fig. 3(a) ] at one of four fractional object times: t o /(t o + t i ) = 0.32, 0.39, 0.60, and 0.71. Also shown is the ideal harmonic lens scaling for (∆x i ) min and δt min . Neglecting x-v correlations, the focal time f min ≡ (ω 2 δt min ) −1 satisfies the thin lens formula from geometric optics
(the γ correction results from finite velocity spread and vanishes in the point source limit γ 1 [36] ) and the image size (∆x i ) min = ∆x o ti to 1 − γ 2 scales as the magnifica- tion of the lens ti to . The deviation of the data in Fig. 4 from the harmonic lens theory results primarily from large-scale aberrations due to the Gaussian profile of the optical potential. Modeling the lens potential as a 2D Gaussian, we calculate (∆x i ) min and δt min assuming Gaussian initial ensemble velocity and position distributions (Fig. 4) [28] . Although the cooling performance of the lens is partially limited by the finite expansion time t o , further extending t o would not improve cooling performance, since a larger ∆x would increase the effect of Gaussian aberration.
The ability to transversely cool an atom cloud to very low effective temperatures and to precisely refocus the cloud after long drift times enables many atom optics applications [2, 9] . Refocusing the atoms allows us to extend the effective free-fall time to 5.1 s by relaunching the ensemble. Without refocusing, the cloud is larger than the launch lattice beams, and the relaunch is inefficient. Similarly, a series of relay lenses (or an initial collimation lens) could be integrated with light-pulse atom interferometry to maintain a small transverse cloud size at the beamsplitter pulses, even for very long interrogation times. This would ensure a homogeneous atom optics beam intensity across the cloud, which is critical for large momentum transfer atom interferometry [37] .
To minimize the impact of anharmonicities of the dipole lensing beam, we pre-cool the atoms with a magnetic lens. This increases the effective f /# of the dipole lens by reducing the duration δt required for collimation. It has the added benefit of cooling along the third axis not addressed by the dipole lens.
The magnetic lens is performed by abruptly releasing tightly-confined atoms into a shallow harmonic potential provided by a 2.6 kHz TOP trap with spinning bias field B 0 and radial quadrupole gradient ∇B [ Fig. 1(a) ] [38] . Abruptly turning off the shallow trap when the ensemble has reached its maximum size yields a colder cloud [22] . A full expansion of the cloud occurs twice every trap period. Synchronizing the the radial (ρ) and vertical (z) oscillations to optimize 3D cooling requires a trap frequency ratio of ω z /ω ρ = (n z + 1/2) / (n ρ + 1/2) for integers n z and n ρ . In the absence of gravity, the irrational ratio ω z /ω ρ = 2 √ 2 makes perfect synchronization impossible, but with gravity the ratio is tunable by selecting the appropriate gradient ∇B [39] . Figure 5 (a) shows the evolution of the cloud while in the lens. The center of mass oscillates vertically because the atoms start above the minimum of the shallow trap. To better illustrate the effect of the magnetic lens on the cloud shape, we use a hotter evaporated source with a release temperature of 1.4 µK (dominated by chemical potential). We plot the evolution of the cloud widths (from 2D Gaussian fits) in Fig. 5(b) [40] . The peak of the third vertical expansion (n z = 3) aligns with that of the second radial expansion (n ρ = 2) [41] .
To precisely tune the lens duration for minimum temperature, we launch the atoms to the top of the tower for a long-time-of-flight velocity measurement. A 162 ms lens duration gives a minimum effective temperature of (T ρ , T z ) = (50, 40) nK and reduced chemical potential. With the same magnetic lensing sequence, but with a deeper evaporation cut, we produce the 1.6 nK source to input to the dipole lens.
As an alternative method for 3D lensing in the TOP trap, we have synchronized the turning points by delaying the vertical expansion with an optical lattice [28] . Dipole lensing in 3D could be accomplished with crossed optical beams.
Our dipole lensing results constrain modifications to quantum mechanics at macroscopic scales that predict spontaneous heating of a free gas [11, 42] . The measured cloud size (∆x i ) min constrains the heating rate for 87 Rb to 20 ± 30 pK/s [28] .
This dipole lensing technique has the potential to reach even colder temperatures. Fundamentally, the diffraction-limited collimation temperature for a wavepacket with size ∆x at the lens is determined by the minimum velocity width /(2m∆x ) allowed by the uncertainty principle (∼10 fK for the ∆x ≈ 400 µm clouds used in this work). Reaching the diffraction limit requires an uncertainty-principle-limited source. After the magnetic lens and lattice launch, the atom cloud exceeds this limit by a factor of m∆v o ∆x o /( /2) ≈ 60 or less [25] (possible heating during the lattice launch may contribute substantially to this excess). A larger lensing beam could reduce Gaussian aberrations, and the beam could be more strongly spatially filtered, perhaps by an optical cavity or a longer propagation distance. The cooling performance could be further enhanced by operating in space, allowing for longer expansion times.
